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B-Thalassemia is an inherited hematological disorder that results from genetic changes in the [3-globin gene,
leading to the reduced or absent synthesis of B-globin. The emergence of the CRISPR/Cas9 genome editing
platform has opened the door for precision gene editing and can serve as an effective molecular treatment for a
multitude of genetic diseases. Investigational studies were carried out to treat B-thalassemia patients utilizing
CRISPR-based CTX001 therapy targeting the fetal hemoglobin silencer BCL11A to restore y-globin expression in

place of deficient B-globin.
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1. Gene Therapy as a Promising Cure for the Acute form of f3-
Thalassemia

Current gene therapy approaches offer great therapeutic promise with the most remarkable clinical outcomes for
inherited or acquired disorders including cancer, viral infections, and recessive genetic disorders such as
thalassemia, sickle cell anemia, cystic fibrosis and hemophilia 2, The goal of this technique is to correct
defective genes by administering functional genetic material into cells to produce a lasting therapeutic effect. Gene
therapy strategies can be divided into two main categories based on their mode of gene delivery, namely, ex vivo
and in vivo gene delivery. Ex vivo gene therapy is a novel approach that entails harvesting cells from the patient,
genetically modifying them in a laboratory and transplanting the tailored cells back into the target tissue. This
method offers a major advantage over the in vivo gene delivery method due to the ability to fully characterize and
eliminate deleterious properties of the altered cells before transplantation [Bl. The transplanted genetically modified
cells function in secreting and disseminating targeted proteins into the surrounding environment 4. In contrast, the
in vivo strategy delivers DNA directly to resident cells of the target tissue, typically via a viral vector [&. Replication-
deficient viral vectors (e.g., adenoviruses, adenoviral associated viruses, retroviruses, and lentiviruses) can
function as gene delivery vehicles to introduce genetic material to target cells such as germline and somatic cells

BBl This technology is now being widely applied in clinical trials to treat both inherited and acquired disorders 4!,

Viral vectors serve as a popular gene delivery method for [B-thalassemia. For instance, lentiviruses were
engineered to be excellent vector candidates for the efficient transfer of HBB in both human and animal models. In
multiple mouse and primate models with B-thalassemia major & and intermedia, lentiviral mediated B-globin gene

transfer leads to alleviation of anemia and subsequent organ damage, making recombinant lentiviruses one of the
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most effective vector systems for B-thalassemia gene therapy D&l Lentiviral vectors are considered a successful
application for clinical trials as a result of their ability for efficient transduction of cells, such as CD34+, that undergo
limited proliferation, as well as non-dividing cells with enhanced genomic stability B2, In 2006, human clinical
research was launched (LG001 study) utilizing lentiviral vectors for B-hemoglobinopathies RI19. HPV569 lentiviral
vector 35 was employed to transfer the B-globin gene comprising the B-globin locus control region (LCR), which
regulates the expression of the B-globin gene in autologous hematopoietic stem cells of B-thalassemic patients 12,
This therapy was clinically successful and eliminated the requirement for long-term transfusion after 1 year and
was sustained for almost 8 years. The total hemoglobin level was maintained at a steady state around 8 g/dL after
2-8 years of the treatment. Furthermore, non-hematological or drug-product-related adverse events were not

reported upon infusion 4,

2. Advances in CRISPR Gene Therapy Hold Great Promise as
an Effective One-Time Treatment Option for TDT

CRISPR is a breakthrough RNA-guided genome editing technology of the 21st century that holds a great
therapeutic promise against hereditary blood diseases 2. CRISPR-mediated adaptive immune systems were first
discovered in bacteria that provide protection against invading foreign genetic elements [L2I14II15116] The pacterial
genome contains short repetitive sequences known as CRISPR arrays, separated by non-repetitive protospacer
sequences that will be transcribed and processed into matured CRISPR RNA (crRNA) sequences that are
homologous to the invading genetic material. Assembly of an active CRISPR/Cas effector complex requires the
incorporation of mature crRNA that guides the effector complex to the invading nucleic acids and a separately
encoded multi-domain nuclease called Cas (Class | nuclease) or a set of Cas nucleases (Class Il nucleases) 12!,
Target recognition is achieved by the extensive complementarity between the invader DNA and crRNA sequence,
leading to the Cas-dependent double-stranded cleavage of the crRNA-foreign DNA complex EEIA7. The type I
CRISPR system comprising a single effector nuclease Cas9 is the simplest and best understood CRISPR system
that is widely adopted in genome engineering applications L3247 The Type Il system requires a second scaffold
RNA molecule called trans-activating crRNA (tracrRNA) that base pairs with crRNA to form a dual guide RNA
structure (gRNA), which is essential for target recognition and crRNA-guided DNA cleavage, preceding the
protospacer adjacent motif (PAM) present in the target sequence 12819 The remarkable programmable capacity
of type Il systems was harnessed to develop powerful gene editing tools to target any desired DNA sequence by
customizing the crRNA sequence. While crRNA and tracrRNA are separately encoded in nature, scientists have
engineered a chimeric single-guide RNA (sgRNA) molecule by fusing crRNA with tracrRNA. In CRISPR-based
therapeutic approaches, safe and efficient delivery of the CRISPR/Cas9 system into target cells is an important
consideration. CRISPR/Cas9 system can be introduced into isolated target cells from [-thalassemia patients
through viral or non-viral delivery vectors where the RNA-dependent DNA cleavage is carried out by Cas9 after
recognition of the target sequence by sgRNA. Electroporation and microinjection can be indicated as safe non-
vector-based methods for CRISPR delivery [LI20121],

| 3. CTX001 Therapy
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CTXO001 is an investigational genetically modified cell therapy studied by CRISPR therapeutics (Cambridge, MA,
USA) and Vertex Pharmaceuticals (Boston, MA, USA) for inherited hematological disorders such as sickle cell
disease (SCD) and TDT. Currently, CTX001 clinical trials are recruiting patients from the United States. It is a non-
viral based, ex vivo CRISPR/Cas9-mediated site-specific editing in the erythroid-specific enhancer binding site of
BCL11A in autologous CD34+ hematopoietic stem and progenitor cells (HSPC) to increase y-globin gene
expression and, subsequently, increase the HbF level in patients. The CTX001 infusion was shown to yield 80%
allele modification in the BCL11A locus without evidence of off-target editing 22, The upregulation of HbF reduced
the transfusion requirement and anemic condition in p-thalassemia and lessened clinical complications in SCD

patients, such as vaso-occlusive crises (VOCs) 23],

CTXO001 therapy has led to the disruption of the erythroid-specific enhancer binding site of BCL11A, resulting in the
downregulation of BCL11A expression. As a result, transcriptional silencing of y-globin by BCL11A is reversed, and
the y-globin expression is reactivated to increase HbF and total Hb levels in CTX001 received TDT patients.
Maintenance of elevated levels of HbF and total Hb levels were also observed in patients over time (24123, During
the 21.5 months after receiving CTX001 therapy, the very first patient showed 32 adverse events, but they were
considered to be in the early stages of severity. Some patients in early clinical trials showed severe adverse events
such as haemophagocytic lymphohistiocytosis and acute respiratory distress syndrome 22231 Qverall, these
adverse events were found to be correlated with busulfan myeloablation and autologous HSPC transplantation 28!,
Other detrimental effects observed included pneumonia and sepsis with neutropenia, veno-occlusive disease and
sinusoidal obstruction syndrome, abdominal discomfort, and cholelithiasis, as well as non-serious consequences of
lymphopenia [22. The occurrence of these effects could be attributed to the delay in the recuperation of
lymphocytes due to CD4+ T cell enrichment after CTX001 therapy (22127, The CLIMB-Thal-111 study was
formulated to appraise the safety and efficacy of CTX001 dosing for patients of 12—-35 years of age while endorsing

long term-follow up protocols of up to 15 years (CLIMB-Thal-131) [28],

In addition to CTXO001 trials, ST-400 is another type of investigational ex vivo autologous cell therapy that utilizes
gene editing to increase the production of HbF. It is a phase 1/2 clinical study that relies on Sangamo’s Zinc Finger
Nuclease (ZFN) technology, which facilitates targeted genome editing. ST-400 trials follow a similar strategy as
CTXO001 to disrupt the enhancer of the BCL11A gene, subsequently reactivating the y-globin gene expression 22,
Nevertheless, ongoing CTXO001 trials with positive outcomes suggest that this novel therapy has considerable
potential to be used in treating TDT patients (8. However, adverse events such as unintended off-target editing,
inefficient gene delivery, and autoimmune reactions must receive considerable attention during clinical use. Hence,
careful monitoring and follow-up of clinical efficacy, genotoxicity, and other safety protocols are imperative.
Comprehensive pre-clinical studies and laboratory and computational-based techniques must be employed to
identify the risk of observing possible adverse events 22, Further progress in experimentation and understanding
of the underlying molecular concepts about the safety and efficacy of CTX001 therapy will shed light on therapy,

improving the quality of life of patients.

| 4. Relative Merits
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CRISPR-mediated site-specific gene editing technology has brought about a transformative and promising
treatment method for TDT. This approach avoids the time-consuming steps of protein engineering, such as altering
and generating site-specific nucleases that recognize a specific DNA sequence B9 while enhancing the target
design simplicity and reducing implementation time. Therefore, CRISPR/Cas9 has proven to be a simple, efficient,
and cost-effective gene therapy technique for inherited blood disorders B, Unlike viral-vector-mediated gene
insertion, genome editing by CRISPR does not require the use of integrating vectors, since transitory production of

a specific endonuclease is able to induce the required DNA cleavage.

Even though CRISPR technology alleviates some of the hindrances associated with traditional gene therapy, it has
some drawbacks in the clinical setting. A major concern of this method is the higher frequency of unintended
genome cleavages, resulting in off-target mutagenesis rendering unforeseen and undesirable outcomes during
therapeutic trials. Off-target effects impose life-threatening risks due to deleterious genetic changes and
deprivation of gene function, eventually leading to unfavorable phenotypes. At present, researchers are in the
process of exploring different strategies to mitigate this issue 2132l Off-target effects were assessed using a
variety of methodologies during CRISPR-gene therapy for B-thalassemia 23], Several studies have shown that the
use of high-fidelity enzymes and a double-nicking strategy can significantly decrease off-target activity while
preserving acceptable efficiency for editing the target genome 2334l For instance, recently, an efficient Cas9
double nickase mediated gene targeting strategy was employed for iPSC of a patient with B-thalassemia mutation
(IVSII-1 G > A) by integrating catalytic mutant Cas9D10A nickase with a pair of sgRNAs complementary to the
target sequence 3433l The optimization of single guide RNAs can also improve the efficacy and accuracy of gene
editing (2E€ The application of in silico methods for predicting and quantifying off-targets is important in
overcoming this problem [22I381(37],

However, appealing uses of this approach raise certain challenges on ethical, social, and safety protocols,
specifically when utilizing it in the clinical platform B8, The uncertainty of whether this therapy causes a permanent
genetic alteration in the organism and whether the modified gene passes to subsequent generations is a major
concern. Even if the genome is altered as planned and the intended functional problem is resolved at the specified
time, it is uncertain whether the complicated interaction between genetic information and biological phenotypes
would be clearly defined. Undesired clinical outcomes may arise due to uncertainty associated with genome
modifications in complex biological systems creating dilemmas in ethical deliberations R8I,  Therefore,
comprehensive discussions on the societal ramifications involving scientists, legislators, and ethicists are required
as the utilization and patenting of gene therapy techniques for treatment purposes has caused a rift within scientific
communities 381, However, it is noteworthy that each of these ongoing and prospective advancements in designing
and enhancing CRISPR/Cas9-based systems for genome editing will undoubtedly revolutionize the field of

medicine in the upcoming decade and will possibly provide a permanent cure for f-hemoglobinopathies.
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